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We explore the phenomenology of Grand Unified Models based on the Eq group, focusing on 
the Z' with suppressed couplings to leptons that can appear in such models. We find that this 
Z' can accommodate the W+dijets anomaly reported by the CDF collaboration. Furthermore, a 
viable dark matter candidate in the form of a right-handed sneutrino is also present within the 
fundamental 27-dimensional representation of Eq. Through its sizable couplings to the Z' , the dark 
matter is predicted to possess an elastic scattering cross section with neutrons which can generate the 
signals reported by the CoGeNT and DAMA/LIBRA collaborations. To avoid being overproduced 
in the early universe, the dark matter must annihilate to leptons through the exchange of charged or 
neutral fermions which appear in the 27 of Eq, providing an excellent fit to the gamma ray spectrum 
observed from the Galactic Center by the Fermi Gamma Ray Space Telescope. 
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I. A LEPTOPHOBIC Z' BOSON FROM GRAND 
UNIFICATION 

The CDF collaboration has recently announced the ob- 
servation of an excess of events containing a lepton (elec- 
tron or muon), missing transverse energy, and two jets pp. 
This can be interpreted as the production of a new state 
with a mass of ^150-160 GeV which decays to quarks or 
gluons, along with a Standard Model decaying to an 
electron or muon along with a neutrino. This excess of 
events, which was observed in 7.3 fb" 1 of CDF data, has 
been reported to be statistically significant at a level of 
4.1cr. Although the DO collaboration does not find evi- 
dence of such a sizable excess in their analysis of 4.3 fb" 1 
of data [2], a signal roughly half as large as reported by 
CDF might be consistent with both experimental results. 

Although several explanations have been proposed for 
the CDF excess [3HS], perhaps the simplest is the intro- 
duction of a new gauge boson [3H5]. In order to evade 
constraints from LEP II and the Tevatron, however, such 
a state must have couplings to leptons (or more specif- 
ically, to electrons and muons) which are suppressed by 
at least a factor of 4-5 relative to those to quarks [31 2] . 
A gauge boson with these characteristics is commonly 
known as a leptophobic Z' . 

New U(l) gauge groups and the Z' bosons which ac- 
company them are found in many phenomenologically 
viable and well motivated extensions of the Standard 
Model [7 . Such extensions introduce anomalies, how- 
ever, whose cancellation requires the addition of new 
fermions. The sole exception to this rule is a Z' which 
couples to baryon minus lepton number. Thus any 
anomaly-free, flavor universal model that contains a lep- 
tophobic Z' must invariably contain new fermions. 

Additional U(l) gauge groups are a feature common 
to many grand unified theories (GUTs), including those 
based on the groups SO(10) and Eq (the SU(5) group is 
of the same rank as the Standard Model, and thus does 



not contain any additional C/(l)'s). The Z' which arises 
in 50(10) models, however, is not leptophobic. As the Eq 
group is rank 6 (two higher than the gauge group of the 
Standard Model) , GUTs based on this group can include 
two additional C/(l)'s, leading to a variety of possible 
charge assignments and interactions |S]. For this reason, 
and as Eq is well motivated within the context of Eg x E& 
string theory [3] , we will focus on supersymmetric GUTs 
built upon this gauge group. 1 For a review of Eq models 
or of GUTs in general, see Refs. [TU] and jTTj, respectively. 

Eq can be broken such that Eq —> 5*0(10) x U(l)-^ 
517(5) x U(l) x x U(l)^, of which the 517(5) contains the 
gauge group of the Standard Model. The charges of any 
U(l)' and the corresponding Z' boson that appears as 
part of the low-energy theory can be written as a linear 
combination of the charges of the two additional U(l)'s 
in E 6 : 

Q(a) = cos aQ x + sinaQy,. (1) 

Although for no choice of a is Q(a) completely leptopho- 
bic, for the well motivated value of a = — tan -1 
(known as the 77-modcl of Eq 42 , such that Q v = 
\/3/&Q x + \/5/8 Q$), kinetic mixing can lead to a Z' 
with highly suppressed couplings to leptons [T31 - [T5] . In 
particular, although the U(l)y and U(l) v gauge groups 
undergo no kinetic mixing at the Eq breaking scale, if 
the effective particle content at some lower energy scale 
does not contain full representations of Eq , kinetic mixing 
will be generated by renormalization group (RG) evolu- 
tion p~4j [16] . The full Higgs sector is expected to be split 
in mass, as some of the scalar fields will have GUT-scale 
vacuum expectation values (vevs). Thus, during the RG 



Non-supersymmctric -Ee models are of course possible. However, 
for this initial study, we choose this more constrained scenario. 
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running down to the weak scale, the particle content is 
such that a non-zero mixing parameter will evolve. 

After accounting for the effects of kinetic mixing, the 
effective charges of the fermions to the Z' are given by 
Q'{$) = Q v + SY, where the values of Q^, Q x and 
Q v , are given in Table I for all of the fermions in the 
fundamental 27-dimensional representation of Eq. For 
the choice of S = 1/3, the Z' is completely leptophobic 

(Q'l — Q' e + = 0)- The s ^ ze °f ^ ls n ishly dependent on 
the composition and mass scale of the Higgs sector; while 
the minimal fields required to give masses to the matter 
27s are not sufficient to generate 8 sa 1/3, we would not 
expect these to be the only fields of relevance all the way 
up to the unification scale. In Ref. [TJ], for example, 
a reasonable Higgs sector was described which naturally 
leads to 6 ca 1/3. For purposes of explaining the CDF 
VF+dijets excess, we do not necessarily require complete 
leptophobia, and values in the range of 8 sa 0.25—0.40 are 
acceptable. 2 Throughout the remainder of this paper, we 
carry out our calculations using the choice of 8 = 1/3. 

With mixing between Y and rj, the photon, Z and Z' 
will be linear combinations of the neutral gauge bosons 
of the U(1)y, £^(1)?7j and SU(2)l gauge groups. This 
induces corrections to the electroweak precision observ- 
ables, which place limits on leptophobic Eq models from 
LEP and other precision measurements. Although con- 
strained, some regions of mixing parameter space remain 
allowed for a leptophobic Z' of mass —150 GeV [T4"l |2"2] . 



II. DARK MATTER AND DIRECT DETECTION 

In this section, we look to the matter content of Eq 
GUTs for a viable candidate for the dark matter of our 
universe. In Eq, the fermions of the Standard Model 
come as part of three copies (one per generation) of the 
27-dimensional fundamental representation. Each 27 of 
E 6 decomposes into a 16, 10 and 1 of ,50(10). The 
fermions of the Standard Model, along with a singlet Vr, 
fill the 16, and are further decomposed into a 10 (Q, ur, 
ej), 5 (L, dji), and 1 (vr) of SU(5). In this context, Pr 
may be viewed as a right handed neutrino. In addition, 
the 27 contains "exotic" fermions occupying the 10 and 
1 of Eq. The 10 dimensional representation decomposes 
into a 5 (H, h L ) and 5 (H, h R ) of SU(5). The state 
S l is a singlet under both 5*0(10) and SU{5). Thus the 
exotics of the 27 consist of a vector-like, color singlet, 
weak isodoublet with electric charges of Q = 0, ±1 (H, 
H), a vector-like color triplet, weak isosinglct with Q — 
±1/3 (hL, Hr), and two neutral singlets (vr and Sl)- 



See Table I for a decomposition of the 27 along with 
their gauge charges. 

The matter fields in the 27 get mass terms through in- 
teractions with Higgs fields appearing in additional rep- 
resentations of Eq. In the breaking scheme of the Eq 
rj- model, at least four Higgs fields are required ■ Two 
of these are SU(2)l isodoublets, corresponding to the up- 
and down-type Higgses of the MSSM, with hypercharges 
of —1/2 and +1/2. Additionally, these two fields must 
have Q v (Q ! ) charges of +1 (0) and +4(1), respectively. 
The remaining two Higgs fields serve to give masses to 
the exotics in the 27's; these scalars must be isosinglets 
with Y = and have rj charges +5 and +10, giving Q' 
charges of +1 and +2. It is the vevs of these Higgs that 
can serve to break Q' and give mass to the leptophobic 
Z' . From the mass of the Z' , we expect the new Higgs 
vevs to be on the order of the weak scale. 

Among these exotics, both vr and Sl are not col- 
ored, are electrically neutral, and thus are potentially 
viable candidates for dark matter. Furthermore, they 
each carry large charges of the leptophobic gauge group 
(0' = — l)j potentially providing an important role for 
the Z' in cosmology as well as in collider physics. 3 We 
take our dark matter candidate to be the scalar super- 
partner of the lightest right-handed neutrino T>r, which 
will be stable by the virtue of i?-parity (this dark mat- 
ter candidate has previously been considered in Ref. [19]). 
We could also consider the superpartner of the Sl, which 
is identical for the purposes of direct detection, but is dis- 
favored by relic abundance considerations as described 
in Sec. |III| To retain a degree of agnosticism toward this 
choice (or a linear combination of these choices), we will 
refer to the scalar dark matter particle simply as X. 

In the Eq fy-model with 8 sa 1/3, the light Z' couples 
to Standard Model quarks with charges approximately 
given by: Q' UL = -1/3, Q' UR = 2/3, Q' dh = -1/3, 
Q'd R = —1/3, but with little or no couplings to any Stan- 
dard Model leptons. Writing the effective couplings as 
the product of these charges and a new gauge coupling, 
gz>, the rate observed at CDF favors a value of roughly 
gz 1 ~ 0.7 — 0.8 3J. To bring this into better compatibility 
with the null results of DO [2], however, we will adopt a 
somewhat smaller value of gz' ~ 0.5. 

Through Z' exchange, the dark matter can scatter elas- 
tically with nuclei [23 IS]- The cross section for spin- 
independent scattering of our scalar dark matter candi- 
date with Q' x = — 1 is given by: 
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2 For another way to introduce a leptophobic Z' , one may also 
consider models in which baryon number and lepton number are 
gauged 1 131 117| . Alternatively, a Z' could acquire couplings to 
Standard Model quarks through higher dimensional effective op- 
erators I18| . 



3 Throughout, we adopt the convention of writing the Z' charges 
as normalized in Table I, absorbing the factor of 2^/3/5 into the 
definition of the gauge coupling constant. 
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TABLE I: Properties of the fermions in a 27 of E§. For a value of 5 — 1/3, the Z' is completely leptophobic. In addition to its 
couplings to Standard Model quarks, the Z' is predicted to have large couplings to the dark matter candidates in this model 
(the superpartners of vr and Sl)- 
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In other words, the couplings to up and down quarks 
cancel for the proton, leaving only neutrons with which 
the dark matter can scatter. With this substitution, we 
arrive at 
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To compare with the results of direct detection exper- 
iments, we calculate the spin-independent elastic scat- 
tering cross section of our dark matter candidate with 
neutrons (not to be confused with nucleons, as is often 
presented) : 



Si 

® X — neutron 



2 2 4 
l X m n9 Z > 



2.0 x 1(T 39 cm" 



(5) 



:i „ 2 i 160GeV\ 



mz> 



9z> 
0.5 



In Fig. [T] we compare this result to the cross sec- 
tion and mass required to explain the signals reported 
by the CoGeNT fZQ and DAM A/LIBRA [25] collabora- 
tions (see also Refs. [H]). For dark matter with a mass 
of approximately 6-8 GeV (and for a velocity distribution 
described by = 220 km/s and i> CS c = 544 km/s), the 
signals reported by these two experiments can be accom- 
modated by the E$ GUT model discussed here. We also 



show for comparison the constraints as presented by the 
CDMS [IT] (dashed) and XENON100 [55] (dotted) col- 
laborations. Although the results from CDMS appear to 
be in some degree of tension with a dark matter interpre- 
tation of CoGeNT and DAMA/LIBRA, it is not necessar- 
ily implausible that systematic uncertainties could open 
a region of compatibility [53]. The constraints placed 
on light dark matter particles by XENON100 (and other 
liquid xenon detectors) depend critically on the scintil- 
lation efficiency of liquid xenon at the lowest measured 
energies, and may well be less stringent than have been 
reported [30] . 



III. DARK MATTER RELIC ABUNDANCE 
AND INDIRECT DETECTION 

In this section, we turn our attention to the annihi- 
lation of the dark matter candidate appearing in the 77- 
model of Eq. First, we consider annihilations through 
the s-channel exchange of the Z' , which leads to a cross 
section given by: 
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where v is the relative velocity between two dark mat- 
ter particles and the sum is performed over all favors 
of left and right-handed quarks lighter than mx- Note 
that the annihilation cross section is velocity suppressed 
(i.e., ay ~ bv 2 ). To determine the thermal relic abun- 
dance of dark matter, we consider the thermally weighted 
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FIG. 1: The dark matter's spin-independent elastic scattering 
cross section with neutrons (not to be confused with nucleons) 
predicted in the E$ GUT model described in this article, com- 
pared with the regions of parameter space consistent with the 
signals reported by the CoGeNT [2J and DAMA/LIBRA [25] 
collaborations (90% and 99% CL contours are shown [26]). To 
account for the uncertainty in the local dark matter density, 
we absorb into the cross section the scaling to this quantity, 
as indicated in the label of the y-axis (the width of the band 
corresponds to pLocai =0.15-0.6 GeV/cm 3 ). We have adopted 
g Z ' = 0.5 and m Z i = 160 GeV for the coupling and mass 
of the Z' , as approximately required to produce the CDF 
IF+dijets excess [3] while not strongly exceeding the rate ob- 
served at DO j2] . Also shown are the constraints presented by 
the CDMS [27J (dot-dashed) and XENON100 [2SJ (dotted) 
collaborations. See text for details. 



cross section at the temperature of freeze-out: 
, . 36 
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where xpo is the ratio of mx to the freeze-out temper- 
ature. The dark matter's annihilation cross section is 
related to its thermal relic abundance according to 
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Annihilations of dark matter through the Z' thus pro- 
vide only a small fraction (~5%) of the cross section re- 
quired to yield our universe's observed dark matter den- 
sity. Therefore processes other than Z' exchange must 
contribute to the dark matter's annihilation in the early 
universe. 

The most general renormalizable superpotential de- 
scribing the interactions within the 27 that is consistent 
with the symmetries of the Standard Model is given by: 



W Ir _ 



XiHQilR + X 2 HQd R + X 3 HLe+ + X^HHSi 



+ X 5 h L h R S L + X 6 h L u R e^ + X 7 Lh R Q + X s v R h L d R 
+ X 9 h L QQ + X w h R u R d R + X n HLv R . (9) 

Depending on the lepton and baryon number assignments 
of the exotic particle content of the 27, some of these 
terms will need to be suppressed in order to maintain 
approximate low-scale lepton and baryon number con- 
servation. 

Among these 11 terms, there are no interactions which 
directly connect the Si (or its superpartner) to the fields 
of the Standard Model. For this reason, we will focus 
our attention on the case in which the dark matter is the 
superpartner of v R . The interactions described by the 
terms X%v R hd R and X\\HLv R allow the dark matter to 
annihilate into down-type quarks through the t-channel 
exchange of a hi or to leptons through the t-channel 
exchange of a E~ or N°. As null results from the LHC 
force states with QCD color such as hi to be quite heavy 
(above several hundred GeV), we focus on the case of 
annihilation to charged and neutral leptons through a E~ 
or N°, respectively. Assuming for simplicity that nig-, 
niffo and An have similar values for each generation (in 
each 27), the dark matter's annihilation cross section 
to charged leptons and neutrinos is approximately given 
by [20]: 
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where the first term proceeds to t + t~ while the terms 
in the sum proceeds to a mixture of charged leptons 
and neutrinos. In the low-velocity limit, the annihilation 
cross section to t + t~ given by: 
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Thus for the purposes of indirect detection, the dark mat- 
ter will annihilate primarily to t + t~, possibly with an 
order ~10% contribution to 6-quarks through t-channel 
hi exchange. We note that in order for this annihila- 
tion process to proceed, either (but not both of) D R or 
H must carry lepton number. 

After thermally averaging at the temperature of freeze- 



out, the v terms of the cross section given in Eq. 10 
becomes: 
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Combining this with the results from Eqs. 7 and 11, we 
find a total value which is very similar to that required to 
thermally generate the observed density of dark matter. 

The leptophilic annihilations of the dark matter is of 
particular interest within the context of gamma ray ob- 
servations of the Galactic Center. In Fig. [2] we compare 
the spectrum of gamma rays from dark matter annihi- 
lations in the Galactic Center predicted in our model 
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FIG. 2: The spectrum of gamma rays from the inner degree 
around the Galactic Center produced from annihilations of 
the right-handed sneutrino dark matter candidate present in 
the Eq model described in this paper, compared with the ex- 
cess emission observed by the Fermi Gamma Ray Space Tele- 
scope (after subtracting known astrophysical backgrounds, in- 
cluding an extrapolation of the emission from the Milky Way's 
supermassive black hole) [31) . Here, we have taken mx = 8 
GeV, m B = 110 GeV, m hL = 750 GeV, An = 1, A 8 = 1, and 
px = 0.3 GeV/cm 3 x (8.5kpc/R) 13 , where R is the distance 
from the Galactic Center. 

to the excess emission observed by the Fermi Gamma 
Ray Space Telescope [3T] (assuming an extrapolation of 
the spectrum from the Milky Way's supermassive black 
hole; see also Ref. [35]). Clearly, very good agreement is 
found. Dark matter in the mass range described here and 
which annihilates primarily to charged leptons has also 



been previously shown to be able to produce the observed 
synchrotron emission known as the WMAP Haze [33] 
(see also Ref. [31]). Lastly we note the constraints from 
searches for GeV-scale neutrinos from the Sun as con- 
ducted by Supcr-Kamiokande |35j are safely evaded in 
this model by virtue of the dark matter's suppressed cou- 
plings to protons. 



IV. SUMMARY AND CONCLUSIONS 

In summary, motivated by the W+dijets excess re- 
cently reported by the CDF collboration, we have con- 
sidered Grand Unified Models based on the E§ group. 
Such models (in particular, the so-called 77-model of Eq), 
can contain a leptophobic Z' boson capable of produc- 
ing the observed excess. Within the fundamental repre- 
sentation of Eq is an attractive dark matter candidate 
in the form of a right-handed sneutrino. From the siz- 
able couplings of this dark matter candidate to the Z' ' , 
a large elastic scattering cross section with neutrons is 
predicted, consistent with the direct detection signals re- 
ported by the CoGeNT and DAMA/LIBRA collabora- 
tions. Furthermore, to avoid being overproduced in the 
early universe, the dark matter must annihilate to lep- 
tons through the exchange of other particles contained 
within the fundamental representation of E e , leading to 
a gamma ray spectrum and flux consistent with that ob- 
served from the Galactic Center by the Fermi Gamma 
Ray Space Telescope. 
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